Doublecortin (DCX) is a microtubule associated protein that is critical for neuronal migration and the development of the cerebral cortex. In the adult, it is expressed in newborn neurons in the subventricular and subgranular zones but not in the mature neurons of the cerebral cortex. By contrast, neurogenesis and neuronal migration of cells in the cerebellum continue into early postnatal life; migration of one class of cerebellar interneuron, unipolar brush cells (UBCs), may continue into adulthood. To explore the possibility of continued neuronal migration in the adult cerebellum, closely spaced sections through the brainstem and cerebellum of adult (3-16 months old) Sprague Dawley rats were immunolabeled for DCX. Neurons immunoreactive (ir) to DCX were present in the granular cell layer of the vestibulocerebellum, most densely in the transition zone (tz), the region between the flocculus (FL) and ventral paraflocculus (PFL), as well as in the dorsal cochlear nucleus (DCN). These DCX-ir cells had the morphological appearance of unipolar brush cells (UBCs) with oval somata and a single dendrite ending in a "brush." There were many examples of colocalization of DCX with Eps8 or calretinin, UBC markers. We also identified DCX-ir elements along the fourth ventricle and its lateral recess that had labeled somata but lacked the dendritic structure characteristic of UBCs. Labeled UBCs were seen in nearby white matter. These results suggest that there may be continued neurogenesis and/or migration of UBCs in the adult. Another possibility is that UBCs maintain DCX expression even after migration and maturation, reflecting a role of DCX in adult neuronal plasticity in addition to a developmental role in migration. CORRESPONDING AUTHOR: baizer@buffalo.edu. Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.
INTRODUCTION
Many studies in both humans and animals have shown that the protein doublecortin (DCX) is essential for the normal development of the cerebral cortex (des Portes et al., 1998 , Gleeson et al., 1999 , Bai et al., 2003 . DCX plays a critical role in the regulation of microtubule dynamics during neuronal migration (Tanaka et al., 2004) ; it is highly expressed in postmitotic, migrating neurons (Francis et al., 1999 , Gleeson et al., 1999 , Tanaka et al., 2004 . While initial reports suggested that DCX expression is downregulated to undetectable levels in the adult (Gleeson et al., 1999) , subsequent studies have shown DCX expression in postmitotic cells in regions of adult neurogenesis, the subventricular zone (SVZ) and the subgranular zone (SGZ), as well as in migrating neuroblasts in the rostral migratory stream (RMS; Nacher et al., 2001 , Brown et al., 2003b , Rao and Shetty, 2004 , Couillard-Despres et al., 2005 , Ming and Song, 2005 , Gutierrez-Mecinas et al., 2007 , Zhao et al., 2008 .
The time course of neurogenesis and neuronal migration in the cerebellum is quite different from that in the cortex; cortical neurogenesis occurs prenatally but several cerebellar interneuron populations are born postnatally (Caviness and Sidman, 1973, Carletti and Rossi, 2008) . In the mouse, granule cell neurogenesis is not complete until postnatal day 21 (Carletti and Rossi, 2008 ). An intriguing observation in the cat suggests that neuronal migration may continue for several months postnatally for one class of cerebellar interneuron, the unipolar brush cell (UBC; Takács et al., 2000) . The adult distribution of UBCs was not established until postnatal day 132; apparently migrating UBCs could be found in white matter up until that age. This observation was quite surprising since other studies have suggested that neurogenesis in the cat cerebellum is complete by about 3-4 weeks postnatally (Anderson and Stromberg, 1977b, a) . Takács et al. (2000) suggested that there might be continued UBC neurogenesis and migration in the adult. To investigate this possibility we used immunohistochemistry to look at expression of DCX in the adult rat cerebellum since there have been many studies of the UBC population in this species , Jaarsma et al., 1995 , Morin et al., 2001 , Sekerkova et al., 2004 , Sekerkova et al., 2007 , Diño and Mugnaini, 2008 , Russo et al., 2008 , Birnstiel et al., 2009 , Mugnaini et al., 2011 . We consistently found DCX expression in UBCs of defined regions of the vestibulocerebellum and dorsal cochlear nucleus (DCN) in adult rats. We also saw DCX-immunoreactive cells around the fourth ventricle and its lateral recess that had the morphology of neuroblasts.
Some of these results have been presented as abstracts .
EXPERIMENTAL PROCEDURES

Animals
We used adult (ages 3-16 months) male, albino SASCO Sprague-Dawley rats from Charles River Laboratories (Wilmington, MA), and archival sections from one Wistar and one Fisher344 rat. We followed the National Institute of Health Guide for the Care and Use of Laboratory Animals revised 1996, and all animal experiments were reviewed and approved by the Institutional Animal Care and Use Committee of the University at Buffalo. Animals were housed individually and had ad lib. access to water and standard laboratory rodent chow. They were maintained on a 12 hour light-dark cycle.
Tissue preparation
Rats were deeply anesthetized with 86 mg/kg i.p. of Fatal-plus (Vortech, Pharmaceutical Ltd.) and perfused through the heart with 0.1M phosphate buffered saline (PBS) followed by 10% formalin or 4% paraformaldehyde in PBS. The brains were removed, post-fixed for 24 hrs-1 week, and then cryoprotected in 15% sucrose and then 30% sucrose in PBS. Forty μm thick coronal sections were cut on a cryostat and stored in tissue culture wells in a cryoprotection solution of 30% ethylene glycol and 30% glycerol in PB at −20°C.
Immunohistochemistry
All processing was on free-floating sections. Sections were removed from the cryoprotectant and rinsed in PBS. Non-specific binding of primary antibodies was blocked by incubating the sections in a solution of 1% bovine serum albumin (BSA, Sigma), 1.5 % normal horse serum (NHS, Vector laboratories) and 0.1-0.2% TritonX-100 (TX) in PBS for 30 min. For single-label immunohistochemistry, the primary antibody was added and the sections incubated overnight at 4°C. Table 1 shows the primary antibodies and dilutions that we used. Sections were then rinsed and incubated in the appropriate biotinylated secondary antibody (Vector Laboratories, Burlingame CA, following manufacturer's instructions); further processing was with the Vector ABC method using a Vectastain kit. Immunoreactivity was visualized using the glucose oxidase (GO) modification of the diaminobenzidine (DAB) method (Shu et al., 1988 , Van Der Gucht et al., 2006 .
For double-label immunofluorescence, sections were first incubated in a cocktail of PBS, 1% normal serum, 1% BSA and 0.1-0.2% TX and combinations of two primary antibodies (DCX+Eps8; DCX+ CR; DCX+ mGluR1; DCX+ PLCβ4) overnight, rinsed, and then incubated with the appropriate fluorescent secondary antibody, (donkey anti-rabbit Alexa 546; donkey-anti mouse Alexa 555 or chicken anti-goat Alexa 488). Secondary fluorescent antibodies were used at a dilution of 2 μg/ml in a solution of PBS, normal serum, 1% BSA and 0.1-0.2% TX. Sections were rinsed and mounted on Fisher "Superfrost" polarized slides (Fisher Scientific, Pittsburgh, PA). The DAB-GO slides were dehydrated in ethanol, cleared in xylene or Histosol (National Diagnostics, Atlanta, Georgia) and coverslipped with Depex (Electron Microscopy Sciences, Hatfield, PA) or Permount (Fisher Scientific). The immunofluorescence slides were coverslipped with Prolong Antifade mounting medium (Invitrogen, Carlsbad, CA) or Vector Vectashield Hard Mount mounting medium. For the preadsorption control, 0.4 μg of DCX antibody (sc-8066, Santa Cruz, 1:500) was diluted in 1 ml of a solution of PBS, 1.5% NHS, 1% BSA and 1% TX. This was then divided into two aliquots of 500 μl each. Two μg of the immunizing peptide (sc-8066 P, Santa Cruz, 1:100) was added to one aliquot, and both aliquots incubated for 30 min at RT. Sections were then processed by standard procedures using either the preadsorbed antibody or the standard antibody, and DAB-GO visualization.
Data analysis and microscopy
The DAB-GO sections were examined with a Leitz Dialux 20 light microscope, and digital images captured with a SPOT Insight Color Mosaic camera (1200 × 1600 pixels). Brightness and contrast of images were adjusted with Zeiss software or with Adobe Photoshop, and plates assembled using Adobe Photoshop. Immunofluorescence was visualized with a Zeiss AxioImager Z1 Microscope, used both with and without the Axioimager optics. Digital images were captured with Zeiss software and brightness and contrast adjusted with that software.
We used Accustage (Shoreview, MN) stage position encoders and MDplot software to plot the distribution of labeled cells on selected sections. The stage position encoders were mounted on a Leitz Dialux 20 microscope and the data sent to a Dell computer. We first drew an outline of the brainstem and cerebellum and then marked the locations of labeled cells using the criterion of marking only those cells with a darkly stained soma and brush.
RESULTS
Antibody specificity
The DCX antibody recognizes a 40 kDa band on a Western Blot of rat brain tissue (Brown et al., 2003b) . In order to verify that the antibody was specifically recognizing DCX in immunohistochemistry on fixed tissue sections, we performed a preadsorption control. Figure 1A shows the typical pattern of staining in the brainstem and cerebellum with this antibody and Figure 1B shows that immunostaining was eliminated completely in a control section in which the antibody was preadsorbed with the immunizing peptide.
Distribution of DCX-ir elements
We examined the brainstem and cerebellum on closely-spaced single-label sections from the level of the caudal medulla to the midbrain. Inspection of these sections revealed unexpected but reliable and consistent DCX immunoreactivity in neurons in the vestibulocerebellum and DCN. The photomicrographs in Figure 2 illustrate this staining pattern. Figure 2A shows particularly dense labeling in the granular layer of cerebellar cortex in a region between the ventral paraflocculus (PFL) and flocculus (FL). This region has been called the "transition zone, tz" or transitional area (a small region transitional between the ventral PFL and FL) by Mugnaini and colleagues , Mugnaini et al., 1997 , Sekerkova et al., 2004 who noted a very high density of UBCs in this region. The dense DCX label in the tz extended roughly 1.0 mm in the rostro-caudal direction, from about Bregma −11.6 mm at the caudal limit to Bregma −10.5 mm at the rostral limit (levels from the atlas of Paxinos and Watson, 1997) . The DCX-ir cells in the tz are scattered over the width of, but restricted to, the granular layer. The maximum transverse width of the DCX-positive band in the PFL was approximately 750 μm. Figure 2B shows a higher magnification image of the staining in the tz. The density of stained cells decreases both laterally in the PFL (Fig. 2A , the arrow indicates the lateral border of the densely stained tz) and ventrally in the FL (Fig. 2C) . Figure 2D shows a scattering of stained profiles in the vermis on the same section; the density of stained neurons in these regions was much lower than in the tz.
In the neighboring DCN, DCX-ir cells were seen in layers 2 and 3 but not in the molecular layer (layer 1). Figures 3A and B show the pattern of DCX labeling in the DCN on two sections about 500 μm apart.
This pattern of label in the vestibulocerebellum and DCN was seen in 20 Sprague Dawley rats. While most of the animals were 3-4 months old at the time of sacrifice, we also processed sections from a few older animals (12-16 months) and saw a similar distribution of DCX-labeled cells. DCX-ir cells were seen in both formalin and paraformaldehyde fixed brains. We also saw DCX-labeled neurons in the same regions in sections from one Fisher344 and one Wistar rat, suggesting that this pattern is not peculiar to the Sprague Dawley rat.
DCX-ir elements are unipolar brush cells
The DCX-labeled cells all have the morphological characteristics of unipolar brush cells (UBCs), an excitatory cerebellar interneuron that has been extensively described by Mugnaini and colleagues as well as other investigators , Jaarsma et al., 1995 , Jaarsma et al., 1996 , Mugnaini et al., 1997 , Jaarsma et al., 1998 , Diño et al., 1999 , Diño et al., 2000a , Diño et al., 2000b , Diño et al., 2001 , Morin et al., 2001 , Nunzi et al., 2001 , Nunzi et al., 2002 , Nunzi et al., 2003 , Sekerkova et al., 2004 , Sekerkova et al., 2005 , Sekerkova et al., 2007 , Diño and Mugnaini, 2008 , Russo et al., 2008 , Birnstiel et al., 2009 , Chung et al., 2009 , Nunzi and Mugnaini, 2009 , Mugnaini et al., 2011 . Figure 4 (A-F) shows higher magnification examples of DCXlabeled neurons from the DCN (A, D), FL, (B, E), PFL (C) and vermis (F). They all have oval somata (arrowheads) and a single, short, thick process (arrows). We used an antibody to Eps8, a marker for all UBCs (Sekerkova et al., 2007) , to see if the DCX-labeled UBCs also expressed this protein. Figure 4 (G-H) shows images of a section double-labeled for DCX (G) and Eps8 (H). Figure 4I shows colocalization of the two proteins, indicating that the DCX-labeled neurons have neurochemical characteristics of the UBCs.
In contrast to the high density of labeled neurons in the tz, FL, ventral PFL and DCN, there was only a scattering of labeled cells in the rest of the cerebellar cortex. Figure 5 (A, B) shows the distribution of labeled UBCs on drawings of two coronal sections from the animal illustrated in Figure 2 . Figure 5A shows the UBCs in the DCN, ventral PFL and FL, and scattered stained cells elsewhere in cerebellar cortex. Figure 5B illustrates the distribution of stained UBCs on a section about 0.5 mm more rostral; the same staining pattern is seen in the PFL and FL with the highest density of stained neurons in the tz and a low density of stained UBCs elsewhere in vestibulocerebellum.
We also examined sections caudal and rostral to the tz. Figure 6 (A-D) shows DCX-ir UBCs in four sections through the nodulus (lobule X) and uvula (lobule IX). The inset in A shows that the labeled cells are UBCs. While there are scattered cells across the medio-lateral extent of both lobules, the cells have a patchy distribution (Fig. 6A , B arrows). The inset in Figure 6D shows the higher density of DCX label in the tz compared to the nodulus and uvula from a more rostral section of the same rat. Figure 7 (A, B, C) shows the pattern of DCX label more rostrally in the FL. Again, there are scattered DCX-ir UBCs (Fig. 7D ) but the density of labeled cells is lower than in the tz (see inset in Fig. 6D ).
DCX expression and subtypes of UBCs
Several neurochemical subtypes of UBCs have been identified in both the DCN and cerebellar cortex of mice and rats. Initial reports found that UBCs express the calciumbinding protein calretinin (CR; Floris et al., 1994 , Diño et al., 1999 ; subsequent studies recognized a second subtype of UBC that express the mGluR1α receptor (Nunzi et al., 2002, Diño and . Eps8 labels both the CR and the mGluR1 subsets (Diño and Mugnaini, 2008) . A third subtype of UBC, described in mouse, expresses phospopholipase Cβ4 (PLCβ4; Chung et al., 2009 ). We asked if DCX expression was seen in all of these UBC classes or if it might be restricted to one of them. We first compared the distribution and density of DCX-ir UBCs in the tz with the distributions of populations immunoreactive to Eps8, CR and mGluR1. Since the UBC density varies so dramatically over very small distances we compared DCX and the other markers on pairs of adjacent sections. Figure  8 (A-F) shows pairs of sections through the tz of two different animals (A-D are from one animal, E and F are from a second). The panels on the left (A, C and E) show DCXimmunoreactivity. The panels on the right show Eps8 (B), CR (D) and mGluR1 (F) immunoreactivity on adjacent sections. The distributions and density of DCX-labeled cells (A) and Eps8-labeled cells (B) appear very similar. For DCX (C) and CR (D) the distributions are again similar, with a suggestion of a lower density of CR than DCX labeled neurons. However, the expression of mGlur1 (F) was seen in far fewer neurons than DCX (E).
We also looked at the expression of PLCβ4 on sections through the tz. As in the mouse (Chung et al., 2009) , we found some UBCs that were labeled with this protein, but these were scarce compared to cells labeled with the other UBC markers. The left and right columns in Figure 9B compare DCX and PLCβ4 immunoreactivity respectively through the PFL, FL and tz on adjacent sections. The density of PLCβ4 immunolabeled cells is much less than the density of DCX-labeled cells and this is especially dramatic in the tz. The density of PLCβ4 labeled cells is no higher in the tz than in PFL and FL, suggesting that this population is separate from the DCX-labeled cells.
We also examined the labeling pattern in the tz on sections double-labeled for DCX and CR, mGluR1, or PLCβ4. We found that most or all cells expressing DCX also express Eps8. We also found many examples of cells colocalizing DCX and CR and no examples of cells that expressed CR and not DCX. Figure 10A -C shows images of a section double labeled for DCX and CR. The arrow shows an example of a neuron that expresses DCX (A) and CR (B). The merged image (Fig. 10C) shows colocalization in that neuron as well as in several other neurons. Figure 10D -E show a section double labeled for DCX and mGluR1. There are many DCX-labeled cells (Fig. 10D , examples at arrows) and a few mGluR1 labeled cells (Fig. 10E , examples at arrowhead). There were no clear and convincing examples of colocalization of DCX with mGluR1 (Fig. 10F ). There were even fewer cells labeled for PLCβ4 (Fig. 10H , examples at arrowhead) than for DCX (Fig. 10G, examples at arrows) and, again no examples of colocalization of the two proteins (merged image in Fig. 10I ).
PSA-NCAM in UBCs
DCX is a protein typically expressed in migrating and newly-born neurons (Francis et al., 1999 , Gleeson et al., 1999 , Brown et al., 2003b . To see if the DCX-ir UBCs expressed any other proteins typically associated with new neurons we looked at expression of polysialylated neural cell adhesion molecule (PSA-NCAM). PSA-NCAM is expressed in new neurons of the SGZ and SVZ over about the same time period as DCX (see timelines of expression of different proteins in Fig. 4 , Zhao et al., 2008) . Figure 11 shows PSA-NCAM-ir neurons (arrows) in the PFL-FL region; the inset shows an example of a PSA-NCAMlabeled neuron with UBC morphology from a 16 month old rat.
DCX ir elements along the fourth ventricle and its lateral recess
In addition to labeled neurons with UBC morphology in the DCN, FL and PFL we also saw DCX-ir cells medially around the fourth ventricle and in the lateral recess of the fourth ventricle. These neurons typically had oval cell bodies and one or two processes emerging from either end of the soma, but did not have the "brush" structure characteristic of mature UBCs. Examples are illustrated in Figure 12(A-D) . These cells were found in two sites. The first was in the lateral recess of the fourth ventricle at about the level (in coronal sections going from caudal to rostral) at which the cerebellum and brainstem are first attached (examples in Fig. 12A, C) . The second region was medially along the enclosed ventricle adjacent to cerebellar lobule I (Fig. 12B, D) . Near these regions we saw DCX-ir cells with the morphology of UBCs in the white matter; examples from two different animals are shown in Figure 13. 
DISCUSSION
DCX is heavily expressed in newborn and migrating neurons, and was previously thought to disappear from the adult brain except in the SVG and SGZ, sites of continued neurogenesis. Here we show robust, consistent and reliable DCX expression in neurons in the tz, the PFL and the FL as well as in the DCN, a nucleus of the auditory brainstem. The DCX-ir neurons have the morphological characteristics of UBCs. UBCs are excitatory glutamatergic interneurons that receive mossy fiber inputs; their axons synapse on the dendrites of other UBCs and granule cells (Diño et al., 1999 , Diño et al., 2000a , Diño et al., 2000b , Diño et al., 2001 , Morin et al., 2001 , Birnstiel et al., 2009 , Mugnaini et al., 2011 . UBCs are found in both the DCN and in limited regions of cerebellar cortex Mugnaini, 2008, Mugnaini et al., 2011) . The embryonic origin of both populations is the rhombic lip (Englund et al., 2006) . UBCs are unique among cerebellar interneurons in that they are not evenly distributed throughout the cerebellum but are most numerous in the vestibulocerebellum and scarce in the cerebellar hemispheres , Diño et al., 1999 . The region of the highest density of cerebellar UBCs is the "tz", a small region "transitional" between the ventral PFL and the FL (see Figure 1B in Sekerkova et al., 2004) . This region also had the highest density of DCX-ir UBCs.
The finding of DCX expression in UBCs in the adult is surprising, since DCX was thought to be expressed in newly born and migrating neurons and indeed is critical for neuronal migration (Francis et al., 1999 , Gleeson et al., 1999 , Bai et al., 2003 , Brown et al., 2003b , Tanaka et al., 2004 , Couillard-Despres et al., 2005 . We consider two interpretations of these results. One possibility is that the DCX expression reflects ongoing neurogenesis and migration of UBCs in the adult. A second possibility is that DCX expression in UBCs continues long past both neurogenesis and neuronal migration, and this protein is mediating functions other than migration.
Does DCX expression reflect adult neurogenesis of UBCs?
Could the DCX-ir UBCs be newly born neurons? While neurogenesis is solidly established for the SGZ and SVZ (reviews and references in Gage, 2002 , Gould, 2007b , there are reports of adult neurogenesis elsewhere in the brain, including cerebral cortex and brainstem, both in normal animals and as a response to injury (Magavi et al., 2000 , Gould, 2007a , Tighilet et al., 2007 , Dutheil et al., 2009 , Guo et al., 2010 , Ohira et al., 2010 . The present understanding of the origins of UBCs is that they are generated before or at the time of birth. UBC neurogenesis has been studied in mouse and rat using injections of bromodeoxyuridine (BrdU), a thymidine analogue, which is taken up in dividing cells and later immunohistochemically visualized in their nuclei (Gould, 2007a , Zhao et al., 2008 , Leuner et al., 2009 ). In the mouse, BrdU injections showed that UBCs are generated in the rhombic lip at around E14.5 -E19.5 and migrate through cerebellar white matter to the DCN or vestibulocerebellum, with migration largely complete by P10 (Englund et al., 2006) . In rat, similar experiments showed that UBCs are born around E16.5 -E22.5 (Sekerkova et al., 2004) . However, in neither study was the possibility of later UBC neurogenesis examined. In the rat, the latest age for BrdU injections was E21 (Sekerkova et al., 2004) and in the mouse, Englund et al. (2006) used BrdU injections at ages E15.5-E17.5. Adult-born cells would therefore not have been seen in either study. A previous study of UBC maturation did not see evidence of immature UBCs after P60 (Morin et al., 2001) , however that study used sections from the vermis, where there are relatively few DCXUBCs, compared to the tz, where there are many. The possibility of cerebellar neurogenesis is supported by studies that have isolated neuronal stem cells from postnatal mouse cerebellum (Lee et al., 2005 , Alcock et al., 2007 . In our sections, we saw DCX-labeled elements around the fourth ventricle that did not have the typical UBC morphology and resemble migrating neuroblasts (Fig. 12) . We also saw DCX-ir UBCs in nearby white matter (Fig. 13) . These observations are consistent with neurogenesis occurring in very limited zones around the fourth ventricle with subsequent differentiation and migration of UBCs through white matter. Takács et al. (2000) also observed "ectopic" UBCs and proposed that UBCs might continue to be born in the adult. The presence of PSA-NCAM in UBCs is also consistent with the view of adult neurogenesis of neurons that migrate to the vestibulocerebellum and DCN. None of the earlier data about the origins of UBCs specifically exclude adult neurogenesis of these neurons.
Does DCX expression reflect plasticity of UBC circuits?
Another possibility consistent with our results is that the labeled UBCs have long since finished migration but nonetheless continue to express DCX. This is not the typical pattern of DCX expression. In the adult hippocampus, DCX expression is at its peak in new neurons between days 4 and 7 after cell birth, is found in only 2% of 1 month old cells and disappears completely by 2 months after neurogenesis (Brown et al., 2003b) . For the RMS, the time of migration from SVZ to olfactory bulb is estimated at 4-10 days and with DCX expression decreasing to very low levels by one month after neuronal birth (Brown et al., 2003b) . However, there are some data suggesting a role for DCX in plastic processes in adult neurons. Nacher et al. (2001) found cells expressing DCX in nonneurogenic regions and suggested that its role was to mediate microtubule reorganization necessary for processes like neurite outgrowth or synaptogenesis. Continued DCX expression might then confer a special role for UBCs in vestibular or auditory plasticity. Another possibility is that DCX expression plays a role in the establishment of the brush, a process shown to take several weeks (Morin et al., 2001 ).
DCX expression and neurochemical UBC subtype
We saw colocalization of DCX with two markers that have been shown to label UBCs, Eps8 and CR, and did not see colocalization of DCX and either mGluR1 or PLCβ4. There are two possible interpretations of these observations. The first is that there is only one DCXexpressing subtype of UBC, those that also express CR, and that the other two UBC types do not. However, the division of UBCs into neurochemical subtypes was based on the assumption that the labeled UBCs are all adult neurons with stable neurochemical properties. If, however, there is adult neurogenesis of UBCs then the interpretation of these data is more complex, and depends on knowing the time of expression of these different proteins relative to the time of cell birth. The only protein which was studied in other regions of neurogenesis is CR, and its expression begins close to the time of cell birth, and overlaps that of DCX (Zhao et al., 2008) . It is possible that Eps8 is also expressed soon after cell birth since it is an actin-associated protein that may be involved in synapse formation or axonal growth (Offenhauser et al., 2004 , Menna et al., 2009 . In mouse PLCβ4 expression is not seen until P12, while UBCs are generated as early as E15 in that species (Chung et al., 2009) , suggesting that its expression may be characteristic of mature neurons. It is possible that, despite our double-label data, new UBCs of all classes are being generated in the adult but that PLCβ4 and mGlur1α are not expressed in new neurons until after DCX expression has decreased or disappeared.
Total UBC distribution relative to DCX-expressing population
Our analysis focused on the population of UBCs in which we saw DCX expression, and especially on the tz. The total distribution of UBCs in the cerebellum has been described for rat as well as several other species , Diño et al., 1999 . Using CR as the marker, in rat UBCs were found in vestibulocerebellum, including ventral vermal lobules IX (uvula) and X (nodulus), ventral PFL, and FL with a high concentration of UBCs in the tz. We found DCX-ir UBCs most densely in the tz, PFL and FL with a lower density in the nodulus and uvula and scattered cells in other regions of cerebellar cortex. We also saw a patchy distribution of DCX-ir UBCs in lobules IX and X. These patches were reminiscent of the parasagittal compartments defined by connections with the inferior olive and immunoreactivity for Aldolase C/Zebrin (Hawkes and Leclerc, 1987 , Ruigrok, 2003 , Pijpers et al., 2005 . Diño and Mugnaini (2008) saw "ectopic" UBCs elsewhere in the brainstem including the trapezoid body, the spinal and principal spinal trigeminal nuclei, the cerebellar peduncles, ventral cochlear nuclei, vestibular nuclei, and pedunculopontine regions. We did not see DCX-labeled UBCs in any of these regions with the exception of an occasional cell in the vestibular nerve root.
Regulation of UBC neurogenesis and cell death
Does the continued putative neurogenesis of UBCs imply an ever-increasing number of these cells or is cell birth balanced by cell death? A similar question has been addressed for other regions of adult neurogenesis, the subgranular zone of the hippocampus and the subventricular zone. Some, (Bayer, 1982 , Kaplan et al., 1985 but not all (Boss et al., 1985) , reports suggest that the number of granule cells in hippocampus and olfactory lobe does continue to increase throughout life. However, there is also evidence that a large percentage of the newborn neurons do not survive. Early studies noted large numbers of pyknotic cells in the dentate gyrus (Gould et al., 1990, Gould and McEwen, 1993) . The rates of cell birth, survival and death for granule cells of the hippocampus have been extensively studied. In many studies, BrdU is injected into living animals which are allowed to survive for various times; the animals are subsequently sacrificed and the brains processed for BrdU histochemistry in order to trace the migration and development of these cells. These studies have shown that the rates of cell birth and survival are influenced by many behavioral, environmental and pharmacological factors (Gould and Cameron, 1996 , Gould et al., 1997 , Cameron and McKay, 2001 , Lee et al., 2001 , Brown et al., 2003a , Dayer et al., 2003 , Santarelli et al., 2003 , Leuner et al., 2004 , Couillard-Despres et al., 2005 , Kraus et al., 2010 . That work suggests useful experimental strategies for the vestibulocerebellum and DCN to confirm neurogenesis and to assess factors influencing the rates of neurogenesis and survival of the new neurons.
PSA-NCAM, plasticity, and neurogenesis
We also saw UBCs immunoreactive to PSA-NCAM. Like DCX, this protein is expressed in newly-born neurons, and its expression continues until about one month of cell age (Zhao et al., 2008) . However, as for DCX, a role in adult plasticity has been suggested for PSA-NCAM (Nacher et al., 2004) , so that our data are consistent with both the neurogenesis and prolonged expression of plasticity markers hypotheses.
Possible role of UBCs in cerebellar plasticity
Regardless of the time of neurogenesis, what might the DCX-labeled UBCs do? There is evidence that the cerebellum and DCN subserve plastic functions for the vestibular and auditory systems respectively. The PFL and FL play a critical role in behavioral and neural recovery from unilateral vestibular deafferentation, a process known as vestibular compensation (reviews and references in Courjon et al., 1982 , Goto et al., 1997 , Kitahara et al., 1997 , Babalian and Vidal, 2000 , Kitahara et al., 2000 , Balaban, 2001 , Johnston et al., 2002 , Kaufman et al., 2003 , Gliddon et al., 2004 , Horii et al., 2004 , Newlands et al., 2005 , Fukasawa et al., 2009 . UBCs receive vestibular input (Jaarsma et al., 1996 , Diño et al., 2000a , Diño et al., 2001 and might participate in these plastic processes. UBCs express cfos under vestibular stimulation conditions that are known to invoke changes in gene expression (Lai et al., 2004 , Sekerkova et al., 2005 , further evidence for a role in vestibular plasticity.
Possible role of UBCs in auditory plasticity
In the DCN, the UBCs are geographically distributed with the granule cell system (GCS, Diño and Mugnaini, 2008) . UBCs are thought to form excitatory synapses on granule cells as well as other UBCs (Diño and Mugnaini, 2008) and may therefore participate in the integration of auditory information with information from other modalities including somatosensory Shore, 2004, Shore et al., 2007) and vestibular systems; such information is distributed to the GCS (review and references in Diño and Mugnaini, 2008) . Another possible role for UBCs is in mediating the plasticity in DCN circuitry triggered by exposure to loud sounds or deafferentation , Coad et al., 2001 , Biggs and Ramsden, 2002 . The delayed time course of these changes is compatible with the idea that it is mediated by integration of new neurons into existing circuits. Many studies suggest that DCN plasticity may correlate with and even contribute to the development of tinnitus (Levine, 1999 , Brozoski et al., 2002 , Zacharek et al., 2002 , Wang et al., 2009 , Middleton et al., 2011 . A role of the DCN is especially indicated in forms of tinnitus that are modulated by somatosensory input (e.g. Shore et al., 2007) , since the anatomical substrate for interaction of the two modalities is present. Understanding the role of the DCX-ir UBCs of the DCN in the plastic changes underlying tinnitus might then have significant clinical implications.
Summary
We have shown that there is expression of the neuronal migration protein DCX in UBCs of the vestibulocerebellum and DCN of adult rats. The density of labeled UBCs varies over the FL and ventral PFL and is greatest in the region between them called the transition zone. Many UBCs also colocalize DCX and CR but not DCX with either mGluR1 or PLCβ4. There is also expression of PSA-NCAM in some UBCs. These data, along with the finding of DCX-labeled neuroblasts along the fourth ventricle, support the idea that there is continued adult neurogenesis of the UBC cell population for a very restricted region of vestibulocerebellum and the DCN.
Highlights
• We studied the expression of doublecortin (DCX) in adult rat cerebellum and brainstem
• Many unipolar brush cells in cerebellum and dorsal cochlear nucleus were DCX-ir
• These also expressed Eps8 and calretinin
• A few cells along the fourth ventricle and in its lateral recess were DCX-ir
• Results suggest the possibility of adult neurogenesis of UBCs A, B. Plots illustrating the relative densities of DCX-ir UBCs in different regions of the cerebellum and brainstem at the level of the tz. The section in A is about 0.5 mm caudal to the one in B. The section in B is illustrated in Figure 2 . Each dot represents one labeled UBC; only neurons for which both soma and brush were both visible were marked. Scale bar = 1 mm. The arrows show the borders of the tz, the region of the highest DCX expression. B. Eps8. C, D. Similar distributions of DCX and CR-ir UBCs in the tz. E, F. There are many more DCX-(E) than mGluR1-ir (F) UBCs. Note also the high levels of expression of mGluR1 in the molecular layer (ML). Scale bar = 100 μm. Comparison of the expression of PLCβ4 and DCX in the tz, PFL and FL. A. DCX. Scale bar = 250 μm. B. PLCβ4. The arrows in A and B show the limits of the tz, with a high density of DCX-ir cells. The asterisk is an alignment points for the images in C and D. The + is an alignment point for the images in E and F. Scale bar = 250 μm. The density of DCX expression is much higher in the tz, and dense overall whereas the expression of PLCβ4 is much lower and more uniform. C, D. Higher magnification images of DCX (C) and PLCβ4 in the dorsal tz; E, F DCX and PLCβ4 in the curve of the tz. Scale bar = 100 μm. PSA-NCAM immunoreactivity in UBCs (examples at arrows) of the FL and PFL in a four month old rat. The inset shows a higher magnification image of an PSA-NCAM-ir UBC from a 16 month old rat. Scale bars = 50 μm. DCX-ir UBCs in white matter. A. The arrow indicates a DCX-ir UBC in the white matter near the PFL and FL. Wistar rat. Scale bar = 50 μm. B. Several DCX-ir UBCs (arrows) in white matter near the lateral recess of the fourth ventricle. Sprague Dawley rat. Scale bar= 50 μm. The arrow in the inset shows the location of the labeled cells. Scale bar in inset = 500 μm.
